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a b s t r a c t
This paper investigates the dependence pattern between stock and long-term government bond returns for a wide range of developed countries over the last two decades by using a dynamic DCC-GARCH-copula model. This approach allows obtaining a flexible and comprehensive description of the time variation in the linkage between stock and bond markets.
The empirical results show that the dependence structure between stock and 10-year government bond returns varies significantly over time for most countries. In particular, a positive stock-bond association is observed during the 1990s, while the relationship becomes negative from the early 2000s, supporting the presence of flight-to-quality effects. In addition, no evidence of asymmetric and tail dependence is found for the vast majority of countries.
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Introduction
Stocks and bonds constitute the two major asset classes traded on capital markets and the building blocks of most investment portfolios because of their different risk-return characteristics. Understanding the nature of the linkage between stock and government bond returns is of great interest for investors, portfolio managers and policy makers as it has crucial implications for asset allocation, portfolio diversification, risk management and monetary policy transmission. It has been frequently argued that the relationship between stock and bond returns is positive during periods of macroeconomic stability since both stock and bond markets are influenced by common macroeconomic factors such as inflation expectations or expected economic growth. However, there may also be a negative stock-bond association induced by the flight-to-quality phenomenon. Flight-to-quality refers to that, in times of stock market turbulence, investors become more risk averse and adjust their portfolios moving from risky assets such as stocks to safer assets such as long-term government bonds, thus causing a stock-bond decoupling.
The relationship between stock and government bond returns has received a great deal of attention in the financial literature since the seminal work of Keim and Stambaugh (1986) . Linear correlation has been typically used as a measure of dependence between stock and bond returns due to its simplicity. Early contributions were based on rational expectations present value models that jointly price stocks and bonds under the assumption that the stock-bond correlation remains constant over time (Campbell & Ammer, 1993; Shiller & Beltratti, 1992) . Subsequent empirical studies have, however, clearly illustrated the time-varying nature of the link between stock and government bond markets (Connolly, Sun, & Stivers, 2005; Gulko, 2002; Ilmanen, 2003; Scruggs & Glabadanidis, 2003) . Multivariate GARCH (Generalized Autoregressive Conditional Heteroscedasticity) models have become the most popular approach to investigate the dynamic stock-bond correlation. The DCC (Dynamic Conditional Correlation)-GARCH model proposed by Engle (2002) has proven to be particularly well suited for describing the time-varying comovement between stock and bond markets (Aloui, Hammoudeh, & ben Hamida, 2015; Andersson, Krylova, & Vähämaa, 2008; Baur & Lucey, 2009; Dacjman, 2012 ). An obvious limitation of multivariate GARCH processes is that they are built on the assumption that the conditional joint distribution of stock and bond returns follows an elliptical distribution with linear correlation, such as the multivariate Gaussian or Student-t. Nevertheless, this assumption is violated in many cases as the real association between financial returns is often more complicated, including for example nonlinear or tail dependence (Wu & Lin, 2014) .
In this context, a strand of research that models the dependence between stock and bond returns through copula functions has emerged with force over the last years (Lee, Huang, & Lin, 2013; Yang & Shigeyuki, 2015) . This growing popularity has to do with the fact that copulas are able to reflect the whole dependence structure between financial asset returns, beyond linear correlation captured by multivariate GARCH processes. Moreover, copulas do not require imposing any assumption on the joint distribution of asset returns. Initial copula-based studies in this field concentrated on constant copulas (Durand, Junker, & Szimayer, 2010; Gonzalo & Olmo, 2005) . However, more recent contributions consider time-varying (conditional) copulas, which allow better characterizing the dynamic comovement between stock and government bond markets (Chang & Hsueh, 2013; Chui & Yang, 2012; Nguyen & Nguyen, 2014; Wu & Liang, 2011; Wu & Lin, 2014) . These studies are predominantly focused on the US case (with the exception of Chang & Hsueh, 2013) and document a significant variation over time in the stock-bond nexus. In particular, a negative association between stocks and bonds appears since the early 2000s, which has been attributed to the presence of flight-to-quality effects from stocks to long-term government bonds, mainly during periods of stock market uncertainty. Table A1 in Appendix A summarizes prior studies on the stock-bond link based on copula models.
The aim of this paper is to provide a thorough analysis of the dependence structure between stock and long-term government bond returns in a large sample of developed countries by adopting a time-varying DCC-GARCH-copula approach. This framework combines two approaches broadly used to characterize the dynamic comovement between variables, namely the DCC-GARCH model and conditional copulas. The DCC-GARCH-copula approach permits modeling the conditional correlation (via a DCC-GARCH) and the conditional dependence (via a copula) separately and simultaneously for non-normal multivariate distributions. Therefore, it is able to describe the time variation in the linkage between stock and bond markets in a more realistic way than standard DCC-GARCH or copula models.
This work contributes to the literature in several aspects. Firstly, to our knowledge, this is the first study that applies a DCC-GARCH-copula model to investigate the time-varying dependence pattern between stock and government bond returns. In this respect, a few recent studies have applied copula-based multivariate GARCH models in order to characterize the interdependence in financial markets taking into account the stylized facts (fat tails, volatility clustering, etc.) of financial returns usually reflected by multivariate GARCH models. For example, Lee and Long (2009) propose a copula multivariate GARCH model based on the combination of GARCH and copula models and demonstrate the superiority of this new approach on existing GARCH specifications. In a similar vein, using simulation methods Klein, Köck, and Tinkl (2010) prove the effectiveness of the strategy consisting of estimating the dependence of a BEKK-GARCH process via elliptical copulas. Subsequently, Thanh and Barassi (2014) show that a DCC-GARCH-copula approach is an efficient way to overcome the difficulties in modeling the financial dependence. Furthermore, they argue that the two-step procedure involving the combination of copulas and DCC-GARCH type models is the best solution for modeling the dependence in medium and large-sized portfolios. Following the spirit of these works, the DCC-GARCH-copula approach proposed here can be seen as a flexible and effective filtering strategy to estimate the dependence structure between stock and sovereign bond markets. Secondly, the consideration of a wide range of countries, which includes the major European economies together with the more usual US case, helps to enhance the robustness of results. Thirdly, the use of a quite recent dataset enables us to ascertain whether some major economic events in recent years, such as the global financial crisis which started in late 2007 or the European sovereign debt crisis in 2010, have significantly altered the stock-bond connection.
Our results show that the linkage between stock and government bond returns has changed considerably over time. A positive relationship appears during the 1990s for virtually all countries, in line with the conventional wisdom that common macroeconomic conditions, such as the expected inflation or economic prospects, drive both stock and bond markets. In contrast, a negative stock-bond comovement is generally observed from the early 2000s, which may be attributed to the strengthened role of flight-to-quality episodes. This negative association is only broken for some peripheral euro area countries such as Greece, Spain, Portugal and Ireland, as well as Belgium, since the beginning of the European sovereign debt crisis in late 2009. This is because investors have fled stock and government bond markets of peripheral countries during the recent financial turmoil looking to invest in economies with more solid fundamentals. In addition, no evidence of asymmetric and tail dependence is found for most countries. This implies that the stock-bond comovement is not different in bearish and bullish markets and that the dependence is present most of the time, as opposed to primarily in extreme market conditions. The rest of the article proceeds as follows. Section 2 introduces the new DCC-GARCH-copula framework used in this study. Section 3 describes the dataset employed. Section 4 presents and discusses the main empirical findings and Section 5 concludes. Appendices summarize the basic features of copula functions and DCC-GARCH models.
Methodology
After a short introduction to copulas, the model employed to characterize the time-varying dependence structure between stock and 10-year government bond returns is presented.
Copula functions
Copula functions represent a flexible instrument for modeling the dependence structure between variables. The concept of copula was first introduced by Sklar (1959) , but it has only gained increasing popularity in economics and finance over the last decade. According to Sklar's theorem, any joint distribution function can be decomposed into its marginal distribution functions and a copula function that captures the complete dependence structure between the underlying variables (see more details in Appendix B). The attractiveness of copulas is primarily due to their great flexibility as the dependence between variables can be modeled separately from their marginal behavior. Furthermore, copulas allow capturing a wide variety of dependence structures, including nonlinear, asymmetric or tail dependence.
There are two main types of copula functions: static and time-varying copulas. Static, constant or unconditional copulas assume that the dependence between variables is time invariant. However, this assumption seems to be too restrictive since numerous empirical studies have shown that the linkages between economic and/or financial variables are time-varying. In this context, Patton (2006) extended the standard definition of copula to the conditional case. Time-varying, dynamic or conditional copulas introduced by Patton (2006) allow for time-variation in the dependence structure and are, therefore, able to characterize the relationship between variables in a more flexible way.
Model specification
In this study, a DCC-GARCH-copula model is proposed to describe the dependence structure between stock and 10-year government bond returns. The DCC-GARCH-copula approach offers a number of advantages on conventional DCC-GARCH and copula models. First, it is able to model separately and at the same time the conditional correlation by a DCC-GARCH model and the conditional dependence by a copula, capturing the stylized facts of financial data. Second, the DCC-copula approach is not subject to the restrictive requirements of DCC-GARCH models, such as the elliptical joint distribution and linear relationship between financial returns. Third, the DCC-copula model captures the nonlinear dependence ignored by conventional DCC-GARCH specifications.
The DCC-GARCH-copula approach is implemented in two steps. The first step consists in estimating a bivariate DCC-GARCH(1,1) specification to capture the dynamic volatility and linear correlation structure between raw stock and bond returns (details on this model can be found in Appendix C). In the second step, the dependence parameters are estimated by using various time-varying copula functions taking as an input the standardized residuals from the previously estimated DCC-GARCH model. These standardized residuals are transformed by means of their empirical cumulative distribution functions to obtain series of data uniformly distributed on [0,1]. Four well-known copulas (Gaussian, Student-t, rotated Gumbel and Symmetrized Joe-Clayton or SJC) with different dependence structures and frequently applied in finance are applied in this study. Their functional forms and properties are discussed in Appendix B.
Given the abundant empirical evidence in the literature that the stock-bond linkage does not remain constant over time (Andersson et al., 2008; Baur & Lucey, 2009; Connolly et al., 2005; Ilmanen, 2003) and that conditional copulas tend to have better performance than their unconditional counterparts, this paper focuses exclusively on time-varying copulas. In particular, the dynamic Gaussian, Student-t, rotated Gumbel and SJC copulas are estimated. The linear dependence parameters of these conditional copulas are assumed to evolve over time according to the model proposed by Patton (2006) .
Various techniques have been utilized to estimate copula models, including the full maximum likelihood (FML) estimation, the canonical maximum likelihood (CML) approach, the method of Inference Functions for Margins (IFM) and the empirical copula. In this paper, the CML method (Cherubini, Luciano, & Vecchiato, 2004 ) is adopted. Compared to traditional parametric approaches such as the FML and the IFM, no assumptions on the parametric form of marginal distributions are needed in the CML to estimate copula parameters. Using simulation techniques Kim, Silvapulle, and Silvapulle (2007) show that the CML performs better than FML and IFM methods when the marginal distributions are unknown, which is almost always the case in practice. The estimation by CML involves two steps. The first one consists of using the empirical cumulative distributions of the original variables X t and Y t to transform them into uniform variablesû t and v t . In the second step, copula parameters are estimated via maximum likelihood by solving the following problem:
whereÂ CML are the copula parameters estimated by the CML method and c(·) stands for the density of the copula under consideration. Under weak regularity conditions, the CML estimator is consistent, asymptotically normal and fully efficient at independence (Genest, Ghoudi, & Rivest, 1995) . The performance of the different copula functions is evaluated by using the log likelihood function value and the Akaike information criterion (AIC) adjusted for small-sample bias (Reboredo & Ugando, 2014; Reboredo & Ugolini, 2015; Rodríguez, 2007) .
Data description
Our dataset consists of national stock and bond market indices of 16 developed countries, which can be classified into four distinct groups: (1) Countries in the periphery of the euro area (Greece, Ireland, Portugal and Spain); (2) Countries belonging to the core of the euro area (Belgium, France, Germany and the Netherlands); (3) A number of non-eurozone members (Norway, Sweden, Switzerland and the UK); (4) A set of non-European countries which includes some of the major economies in the world (Australia, Canada, Japan and the US). The sample period extends from January 1993 to April 2013. The starting date of our analysis is January 1993 in order to avoid possible distortions in the linkage between stock and government bond returns caused by the turbulences in financial markets occurred in the context of the European exchange rate mechanism crisis during the second half of 1992. 1 The stock market indices utilized are: DAX 30 (Germany), CAC 40 (France), IBEX 35 (Spain), FTSE 100 (the UK), ASX 300 (Australia), DJIA (the US), BEL 20 (Belgium), TSX (Canada), ATHEX (Greece), ISEQ (Ireland), NIKKEI 225 (Japan), AEX (the Netherlands), OSEBX (Norway), PSI 20 (Portugal), OMX 30 (Sweden) and SMI (Switzerland). The bond market indices employed are 10-year benchmark government bond price indices of each of the countries considered. Government bonds are used since they represent the risk of the country itself and are, therefore, appropriate for analyzing the presence of flight-to-quality effects between stock and bond markets. The use of the 10-year maturity has become increasingly popular in the literature on the stock-bond nexus (Andersson et al., 2008; Baele, Bekaert, & Inghelbrecht, 2010; Brière, Chapelle, & Szafarz, 2012; Kim, Moshirian, & Wu, 2006) for several reasons. First, 10-year interest rates incorporate market expectations about future prospects for the economy and largely determine the cost of borrowing. Thus, long-term rates are likely to have a critical influence on investment decisions and profitability of firms and, hence, on their stock market performance. Second, long-term government bonds are often viewed as closer maturity substitutes to stocks, which may presumably increase the level of connection between both assets. Third, monetary policy operations are more likely to have a confounding influence on shorter-term securities, which also justifies the use of long-term interest rates at the expense of short-term rates. All return series have been collected from Thomson Financial Datastream. Following several other studies (EvrimMandaci, Kahyaoglu, & Cagli, 2011; Wu & Liang, 2011; Wu & Lin, 2014) , weekly return series (from Wednesday to Wednesday) are used (a total of 1058 observations). The weekly frequency is preferred to daily and monthly frequencies for various reasons. Firstly, daily data are more contaminated by noise and anomalies such as day-of-the-week effects or non-synchronous trading bias than weekly data. Secondly, compared to monthly data the weekly frequency provides a number of observations large enough to yield more reliable results. Stock and government bond returns have been calculated as the first log difference of two consecutive price indices. Table 1 presents descriptive statistics of stock and government bond returns. The mean weekly stock and bond returns are close to zero in the great majority of cases and small relative to their standard deviations, which implies relatively high volatility in both markets. As expected, standard deviations reveal that 10-year bond returns have significantly lower volatility that stock returns for virtually all countries, in line with the perceived safe haven status of government bonds. The only exception is the Greek 10-year sovereign bond, whose extreme variability can be explained in the context of the Greek debt crisis during recent years. The skewness value is negative for nearly all stock and bond returns, indicating that return series are left skewed. Kurtosis exceeds the reference value of the Gaussian distribution (equal to 3) for all cases. The non-normality of return series is corroborated by the Jarque-Bera test statistics. The results of the Ljung-Box Q-statistics for serial correlation of order 2 in raw returns show that the autocorrelation is not too severe and mainly affects stock returns of some European countries. However, the Ljung-Box Q 2 -statistics indicate that all squared returns exhibit significant serial correlation, suggesting possible volatility clustering. Finally, the ARCH LM test statistics confirm the presence of significant ARCH effects in all return series, thus supporting the use of a GARCH-type model. These summary statistics are consistent with the stylized facts on stock and bond returns typically found in the previous literature (Brière et al., 2012; Gómez-Puig, Sosvilla-Rivero, & Ramos-Herrera, 2014; Lee et al., 2013; Scruggs & Glabadanidis, 2003) . Table 2 reports the estimation results of the bivariate DCC-GARCH(1,1) model used to characterize the dynamic volatility and correlation structure between raw stock and government bond returns for Notes: This table shows the estimated parameters of the bivariate DCC-GARCH(1,1) models for all sampled countries. The subscripts s and b indicate stock returns and government bond returns, respectively. In the conditional mean equations, s and b denote the constant terms of stock and bond return equations, respectively. In the conditional variance equations, ωs and ω b are the respective constant terms. In turn, ˛s b (˛b s ) represents the short-term volatility spillover from bond returns (stock returns) on stock returns (bond returns). Moreover, ˇs b (ˇb s ) represents the long-term volatility spillover from bond returns (stock returns) on stock returns (bond returns). Q(12) and Q 2 (12) denote the Ljung-Box test statistics of order 12 for serial correlation of standardized and squared standardized residuals, respectively.
Empirical results

Estimation of DCC-GARCH models
* Statistical significance at the 10% levels. ** Statistical significance at the 5% levels. *** Statistical significance at the 1% levels. each of the 16 countries under investigation. Overall, the results of the DCC-GARCH model are quite homogeneous across countries. As shown in Table 2 , most of the parameter estimates in the conditional mean and variance equations are statistically significant regardless of asset class and country. This is consistent with strong evidence of time-varying volatility in financial returns and justifies the choice of the DCC-GARCH(1,1) specification. The conditional variance coefficients are positive and highly significant in almost all cases. The coefficients for the lagged conditional variance ˇi are much larger relative to the coefficients for the past return innovations ˛i, indicating an important persistence effect in the volatility of stock and bond returns. Moreover, the volatility for each asset return displays a highly persistent behavior and only a slow mean reversion since the sum of estimated coefficients and ˇ in each variance equation is very close to unity in all cases. There is evidence of significant short-term persistence volatility spillovers from bond returns to stock returns (˛s b ) and also, to a lesser extent, from stock returns to bond returns (˛b s ) for most countries. There is also significant evidence of long-term persistence volatility spillovers from stock returns to bond returns (ˇb s ) and, to a lesser degree, from bond returns to stock returns (ˇs b ). In addition, the Ljung-Box statistics fail to reject the null of no serial correlation in the standardized residuals and their squares, suggesting that the DCC-GARCH(1,1) model seems to be well specified for all countries. 2 Table 3 presents the results of LM tests for serial dependence of the probability integral transforms of filtered returns and also the Kolmogorov-Smirnov, Cramer-von Mises and Anderson-Darling misspecification tests to check the empirical adequacy of estimated DCC-GARCH(1,1) models. These tests have a key role as if the DCC-GARCH model is misspecified, then the copula model will also be invalid. They assess the null hypothesis that filtered stock and bond returns are i.i.d. uniform in the interval (0,1) by comparing the empirical distribution and the specified theoretical distribution function. The p-values of all these tests indicate that the null hypothesis of the correct specification of the distribution function cannot be rejected for any of the return series at the conventional significance levels. Hence, it can be concluded that the DCC-GARCH(1,1) models are not misspecified and, therefore, the DCC-GARCH-copula approach can correctly capture the dependence structure between stock and government bond returns.
Existing studies that apply copula-based multivariate GARCH models (Klein et al., 2010; Lee & Long, 2009; Thanh & Barassi, 2014) argue that a multivariate GARCH specification such as the DCC-GARCH is a perfectly valid filtering strategy as it captures the usual stylized facts of financial returns without losing any information content. In other words, the estimation of the interdependence between the underlying variables will not be affected by the use of a DCC-GARCH model when a conditional copula is applied on the resulting filtered returns to describe the dependence structure. In order to legitimate the feasibility of this filtering strategy within the framework of the stock-bond linkage, next we compare the estimates, reported in Table 4 , of two common measures of dependence such as the linear correlation and Kendall's tau between the filtered stock and bond returns from univariate GARCH models and those from the DCC-GARCH specification, respectively. 3 The Kendall's tau is becoming a measure of association between variables extensively used in practice as it captures nonlinear dependence, unlike the traditional linear correlation. The relationship between the linear dependence t and the nonlinear dependence Kendall's tau t is given by 4 :
The Kendall's tau can also be represented in terms of copula functions as follows:
A deeper look at Table 4 reveals that the dependence measures obtained via DCC-GARCH filtered returns are very close to those calculated from univariate GARCH filtered returns for most countries. This result means that the DCC-GARCH filtering strategy hardly impacts the dependence between stock and government bond returns.
To further check the robustness of this finding, Fig. 1 displays the Gaussian copula scatterplots of filtered stock and government bond returns. As can be seen, the scatterplots clearly illustrate a similar dependence structure between filtered stock and bond returns regardless of the specification used (univariate GARCH or DCC-GARCH models) to filter the return series. Therefore, the similar dependence pattern between the two types of filtered returns validates the choice of the DCC-GARCH model as an appropriate filtering strategy.
Estimation of conditional copula models
The estimated parameters of the time-varying dependence between filtered stock and 10-year government bond returns in each country for the four conditional copula models considered are presented in Table 5 . In terms of the values of the log likelihood function and the AIC adjusted for small-sample 3 The optimal univariate GARCH models have been chosen on the basis of values of the log likelihood function and the Akaike information criterion for each pair of stock and government bond returns. The estimates of these models are not reported since we focus exclusively on the DCC-GARCH model. Furthermore, the filtered returns of univariate GARCH models are considered only for comparison purposes.
4 See Heinen and Valdesogo (2008) for more details.
Fig. 1.
Gaussian copula scatterplots of filtered returns of stocks and government bonds. Notes: The left-hand graphs display the scatterplots for filtered stock and government bond returns by using the DCC-GARCH(1,1) model, while the right-hand graphs contain the scatterplots for filtered stock and government bond returns via univariate GARCH(1,1) models for the different countries.
bias, the time-varying Gaussian copula appears as the most suitable model for describing the dependence structure between stock and bond markets in the vast majority of countries, followed by the time-varying Student-t copula. In contrast, the dynamic rotated Gumbel and SJC copulas have the worst performance. In this respect, it is worth mentioning that the dominance of the Gaussian copula has been also documented by the recent works of Chui and Yang (2012) and Nguyen and Nguyen (2014) , which focus on the stock-bond dependence in different countries and sample periods by using copula-based models. The parameter « 1 measures the level of persistence in the dependence and « 2 captures the variation in the dependence process for the two elliptical copula functions (Gaussian and Student-t). Instead, for the conditional rotated Gumbel and SJC copulas these features are captured by parameters ˇ and ˛, respectively. The persistence parameter « 1 is significant at the 1% level in time-varying Gaussian and Student-t copulas for almost all countries. This parameter is always positive with the only exceptions of Ireland and Greece. This result implies a high degree of persistence over time in the dependence pattern between international stock and government bond returns, consistent with findings from earlier related studies (Chang & Hsueh, 2013; Wu & Liang, 2011; Wu & Lin, 2014) . The parameter « 2 is also strongly significant for nearly all countries, indicating substantial variations over time in the stock-bond dependence. The positive values of this parameter for all countries suggest that the latest information on stock and bond returns is a meaningful indicator for modeling the dynamic stock-bond dependence. However, the fact that the variation parameter « 2 is relatively small compared to the persistence parameter « 1 for most countries demonstrates the predominance of persistence effects. The high number of significant parameter estimates in dynamic elliptical copulas implies that the dependence is time-varying and thus a constant copula model may not be adequate to describe the dependence structure between stock and bond markets.
The dominance of the conditional Gaussian copula over the dynamic SJC and rotated Gumbel copulas suggests that the linkage between stock and bond returns for the vast majority of countries is not characterized by tail and/or asymmetric dependence. This means that the stock-bond dependence seems to occur most of the time, and not primarily during extreme market events, and that stock and bond markets do not tend to boom or to crash together for most countries. In addition, the absence of asymmetric dependence implies that the dependence structure between stock and bond returns is the same in upturn and downturn markets.
Dependence time paths
Given the supremacy of the conditional Gaussian copula over the remaining copula functions, the analysis presented here focuses exclusively on the results of the time-varying Gaussian copula. Fig. 2 illustrates the time path and average of the dependence structure between stock and government bond markets for all sampled countries. Notice that the average dependence (dashed red line) is generally weak (values near to zero) with very few exceptions. The highest mean dependence (in absolute value), with a value close to 0.7, is found for Greece, followed by Japan and Germany, in which the level of dependence is around −0.3 and −0.2, respectively. As for the time-varying dependence, graphs in Fig. 2 show two common features for the vast majority of countries. First, there is a substantial time variation in the conditional dependence between stock and bond returns throughout the sample period, which supports the use of dynamic copulas rather than constant copulas. Second, most countries exhibit a rather similar pattern of dependence over time. In particular, a positive linkage is observed in the 1990s for all countries except Japan, while the stock-bond comovement becomes negative since the early 2000s. The existence of two basic regimes in the relationship between stock and government bond markets is consistent with previous research in this field (Andersson et al., 2008; Baur & Lucey, 2009; Chiang, Li, & Yang, 2014; Connolly et al., 2005) .
A possible explanation for the positive stock-bond association suggested by Andersson et al. (2008) and Ilmanen (2003) is related to the expected inflation. In an environment of relatively high inflation expectations, such as most of the 1990s, stock and bond prices tend to move in the same direction. It is well known that rising expected inflation raises discount rates and adversely affects bond prices, but the impact of the increasing inflation on stock prices is ambiguous given that both expected cash flows and discount rates are likely to be affected. However, as noted by Ilmanen (2003) , during periods of high inflation expectations the discount rate effect prevails over changes in cash flow expectations and, hence, high expected inflation also has a negative impact on stock prices, thereby inducing a positive stock-bond link. In a similar vein, Li (2002) argues that the comovement between stocks and bonds is stronger during periods of higher uncertainty about long-term expected inflation. In such a context, inflation is a primary concern for market participants, so that any rise in interest rates is perceived as a harbinger of increased inflation risk and hurts both government bond and stock markets, thus generating a positive association between them. Another argument to justify the positive relationship between stock and bond returns is based on the idea that when a country's economic prospects are good, as was the case during the 1990s, both stock and sovereign bond markets reflect the optimism of a growing economy and tend to go up in unison (see, e.g., Chiang et al., 2014) .
In contrast, the negative stock-bond connection during the 2000s may be ascribed to the flightto-quality phenomenon, according to which in periods of stock market uncertainty investors become more risk averse and move funds out of assets perceived as risky such as stocks to invest in safer assets such as long-term government bonds. The numerous episodes of financial market turbulence in the 2000s, including the bursting of the information technology bubble in 2000, the 9/11 attacks, the Iraq war in 2003, the global financial crisis in 2008 and the subsequent European sovereign debt crisis in 2010, have made flight-to-quality behavior more common, leading to a decoupling between stock and sovereign bond markets.
As shown in graphs of Fig. 2 , the greatest absolute values of the negative association between stock and government bond returns appear since late 2008 for most countries, which indicates that the degree of stock-bond dependence seems to have increased with the recent global financial crisis. It is also important to underscore the significant level of positive dependence during the first half of the 1990s for most countries, highlighting the beneficial effect of the marked decline in the expected inflation during the first half of the 1990s on the performance of stock and government bond markets.
The results by country reveal that the highest level of stock-bond dependence is found for Greece, with values close to 1 from the start of the Greek sovereign debt crisis at the end of 2009. This is not surprising taking into account the serious economic problems faced by this country, which led to the simultaneous collapse of Greek stock and government bond markets, thus generating a strong positive link between both markets. On the contrary, Ireland emerges as the country with the lowest degree of stock-bond association during the period of study. This lack of connection suggests that Irish stock and government bond markets have moved independently of each other. This idiosyncratic performance may be the result of the low liquidity, thin trading and relatively small capitalization of Irish capital markets. It is also particularly striking the case of Japan, which displays a negative stock-bond comovement during the full sample period. This peculiar behavior may have its origin in the deflationary environment in which the Japanese economy is mired since the early 1990s. In this context, rises in expected inflation and interest rates are interpreted as bullish for the Japanese equity market because they raise hopes of an exit from the deflationary spiral, which induces a negative nexus between stock and bond returns.
The dynamics of stock-bond comovement in the US is fully in line with that documented by various recent copula-based studies (Chui & Yang, 2012; Durand et al., 2010; Nguyen & Nguyen, 2014; Wu & Lin, 2014) . Specifically, a positive relationship between stock and government bond returns is found in the 1990s, a period of relatively high inflation and low uncertainty about real economic activity. Instead, in times of greater uncertainty such as the 2000s, US stock and bond markets have moved in the opposite direction owing primarily to the considerable decline in long-term Treasury yields caused by flight-to-quality phenomena. This finding confirms the status of US Treasuries as one of the preferred safe haven assets for global investors. The development of the stock-bond dependence in the other non-European countries (Australia and Canada) bears a close resemblance to that observed for the US, suggesting that Australian and Canadian government debt markets have been also beneficiary of flight-to-quality flows.
In addition, the results show a clear segmentation between European countries in terms of the link between stock and bond markets over the past few years. On the one hand, there is a group of countries made up of several eurozone core member states, namely Germany, France and the Netherlands, and a number of non-eurozone advanced countries, such as Norway, Sweden, Switzerland and the UK, which exhibit a pattern of stock-bond comovement very similar to that of the US. This means these countries have been regarded as safer economies because of their better economic prospects and healthier public finances. Therefore, they have benefited from flight-to-quality flows from other asset classes and other more vulnerable markets, so that their sovereign debt has enjoyed a large demand and long-term bond yields have reached historical lows. On the other hand, a positive relationship between stock and government bond returns emerges in recent years, especially from early 2010, for a set of countries in the periphery of the euro area, namely Greece, Spain, Portugal and Ireland. This positive association arises because stock and sovereign bond markets of these countries have moved during recent years in a bearish direction due to the combination of deteriorating macroeconomic fundamentals, increasing concern about debt sustainability and decline in risk appetite in international financial markets. Thus, since the start of the European sovereign debt crisis in late 2009 investors have perceived stock and government bonds of peripheral countries as highly risky assets and have opted for the joint selling of these assets and the shift of their portfolios toward more solid economies such as the US, the UK, Canada or core euro area countries. This evidence coincides with that obtained by Dacjman (2012) and Perego and Vermeulen (2013) for the countries most affected by the debt crisis in the euro area. It is also worth noting that the pattern of linkage between Belgian stock and government bond returns over the last few years is very similar to that observed for peripheral economies. This close association with the periphery of the eurozone seems to reflect the growing concern of investors about Belgium's ability to reduce its excessive level of public debt and the risk of spreading the crisis to Belgium. In fact, the high Belgian debt-to-GDP ratio (between 80-100% in the period prior to the global financial crisis) together with the expensive state bailout of two of its largest banks (Fortis and Dexia) may have played a significant role in this context.
Concluding remarks
This paper investigates the dynamic comovement between stock and long-term government bond markets for a wide range of advanced countries over the past two decades by using a time-varying DCC-GARCH-copula approach. This novel framework allows modeling the conditional correlation (by a DCC-GARCH) and the conditional dependence (by a copula) separately and simultaneously, thus providing a more complete description of the time-varying dependence structure between financial markets.
Our results reveal significant variability over time in the dependence structure between stock and government bond returns for most countries. The sign and intensity of the dependence differ depending on the specific period considered, although the stock-bond association exhibits a rather similar pattern across the major developed economies. A positive comovement between stock and bond returns is found in the 1990s for virtually all countries. This finding may be attributed to the role played by the expected inflation and economic prospects as key drivers of stock and bond market performance during this period. However, the prevailing negative relationship between stock and government bond markets since the early 2000s is consistent with the flight-to-quality phenomenon, according to which the stock-bond linkage strongly decreases in periods of increased stock market turbulence. Interestingly, the recent eurozone sovereign debt crisis seems to have caused a clear shift in the pattern of dependence between stock and bond markets in several European peripheral countries such as Greece, Spain, Portugal and Ireland, as well as Belgium. In particular, a positive stock-bond link emerges since the beginning of the sovereign debt crisis in late 2009. This suggests that international investors have moved away from stock and government bond markets of these countries driven by the great pessimism about future economic prospects to invest in financial assets of economies with better fundamentals and improved economic outlook. Another interesting finding is the absence of asymmetric and tail dependence for the vast majority of countries. This implies, on the one hand, that the level of connection between stock and government bond markets is not different during market upturns and downturns. On the other hand, the lack of tail dependence suggests that stock and bond markets do not tend to boom or to crash together and the dependence is not especially strong during extreme market conditions, but it is present most of the time.
The evidence presented here may have important practical implications for market participants. For instance, investors and portfolio managers should take into account the time-varying nature of the stock-bond association in their portfolio allocation decisions and diversification and risk management strategies. For policy makers, the lack of tail dependence seems to demonstrate the success of unconventional monetary policy actions (being quantitative easing the most popular measure) adopted by the major central banks since 2008 in maintaining the stability of financial markets.
In this appendix, we briefly present the concept and main features of copula functions as well as the copula families considered in this study. A more rigorous and detailed introduction to copula modeling can be found in Cherubini et al. (2004) , Joe (1997) and Nelsen (2006) . For the bivariate case of two continuous random variables X and Y with marginal distributions F X and F Y , respectively, and joint distribution function F XY (x,y), Sklar's theorem can be formulated as follows:
where C denotes the copula function that describes the whole dependence structure between X and Y. If the marginal distributions are continuous, then C is uniquely determined on Ran F X × Ran F Y . Conversely, if C is a copula, then the function F XY in Eq. (1) is a joint distribution function with margins F X and F Y . An important property of copulas is that they can be used to characterize the dependence between two random variables in the tails of their joint distribution, commonly referred to as tail dependence. Intuitively, the tail dependence reflects the propensity of two variables to experience extreme upward or downward comovements. It is very helpful for measuring the tendency of financial markets to crash or boom together. Such dependence is usually evaluated through upper-and lower-tail dependence coefficients denoted by U and L , respectively, and defined as:
where Among the wide range of copula functions available, four well-known copulas, namely the Gaussian, Student-t, rotated Gumbed and Symmetrized Joe-Clayton (SJC) copulas, are employed in this paper. Next, this appendix provides the general forms of these copula functions.
The bivariate Gaussian or Normal copula (N) is defined as:
where ˚ is the standard bivariate normal cumulative distribution function with linear correlation and ˚− 1 denotes the inverse of the standard univariate normal cumulative distribution function. The Gaussian copula is symmetric and has zero tail dependence. The bivariate Student-t copula takes the following form:
where T is the bivariate Student-t cumulative distribution function with degree of freedom and correlation coefficient , and t −1 denotes the inverse of the standard univariate Student-t distribution function. This copula allows for symmetric dependence in the tails, which is given by U = L = 2t +1 (− √ + 1 1 − / 1 + ) > 0. The rotated Gumbel copula allows for lower tail dependence, while upper tail dependence is zero. This copula is given by:
C RG (u, v; ı) = u + v − 1 + C G (1 − u, 1 − v; ı) (B.6) where ı t is the dependence parameter.
The SJC copula was developed by Patton (2006) as a modification of the original Joe-Clayton (JC) copula. The SJC copula allows for both upper and lower tail dependence and includes symmetric dependence as a special case. This copula can be written as: where Ä = 1/log 2 (2 − U ), = −1/log 2 ( L ), L ∈ (0, 1) and U ∈ (0, 1) Patton (2006) introduced the dynamic or conditional copulas to take into account the time variation in the dependence structure. Following Patton (2006) , the dynamics of the time-varying dependence between stock and government bond returns in the conditional Gaussian and Student-t copulas is specified as: where (x) = (1 − e −x )(1 + e −x ) −1 is the modified logistic transformation designed to hold the value of t within the (−1,1) interval at all times. This equation assumes that the copula dependence parameter follows an ARMA(1,q)-type process in which « 0 is a constant, the autoregressive term, « 1 t−1 , captures the persistence effect and the last term, represented by the average of the product of the last q observations of the transformed variables, reflects the variability of the dependence. For the Student-t copula, the same specification is used with ˚− 1 (·) being replaced by t −1 (·).
Similarly, the dynamics of the conditional rotated Gumbel copula is described by: where (x) = (1 + e −x ) −1 is the logistic transformation used to keep U t and L t within the interval (0,1) at all times. These equations show that the upper and lower tail dependence parameters follow an ARMA(1,q)-type process with an autoregressive term, ˇU U t−1 and ˇL L t−1 , designed to capture persistence in dependence, and a forcing variable, which is the mean absolute difference between u t and v t over the last q observations and captures the variation effect in dependence.
Appendix C. The DCC-GARCH(1,1) model
Let r s,t and r b,t be stock and government bond returns for a given country at period t, the bivariate DCC-GARCH(1,1) proposed by Engle (2002) where c s and c b denote the conditional expectation of stock and bond returns, respectively, given the information set available at time t−1, ˝t −1 , ε s,t and ε b,t represent the error terms of stock and bond return equations, respectively, and H t is the conditional variance-covariance matrix. In this framework, the matrix H t can be expressed as: are the conditional variance of stock and government bond returns at time t, respectively, h sb,t denotes the conditional covariance between stock and bond returns at time t and t represents the linear correlation coefficient. D t is a diagonal matrix of conditional standard deviations for return series, obtained from modeling the respective conditional variances through a univariate GARCH(1,1) process. In turn, R t denotes the conditional correlation matrix and is defined as:
where Q t is a symmetric positive definite matrix given by Q t = (1 − Â 1 − Â 2 )Q + Â 1 (Á t−1 Á t−1 ) + Â 2 Q t−1 (C.4)
where Â 1 and Â 2 represent non-negative scalars satisfying Â 1 + Â 2 < 1 andQ is the unconditional (timeinvariant) covariance matrix of standardized residuals (Á it = ε it / h it ). As is suggested by Engle (2002) , the DCC-GARCH model can be estimated consistently in two steps by using maximum likelihood techniques.
